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providing a medical tool coupled to a robotic
manipulator having seven or more degrees of freedom
(DOF)
601

moving the medical tool along seven or more DOF
using the robotic manipulator

602

FIG. 6

positioning a medical tool to a fixed position using a
robotic manipulator

701

maintaining the medical tool at the fixed position,
while moving the robotic manipulator

702

FIG. 7
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SEVEN OR MORE DEGREES OF FREEDOM
ROBOTIC MANIPULATOR HAVING AT
LEAST ONE REDUNDANT JOINT

RELATED APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 12/251.,409, filed Oct. 14, 2008, which claims

the benefit of U.S. Provisional Application No. 61/096,728,
filed Sep. 12, 2008, which are hereby incorporated by refer-
ence herein 1n its entirety.

TECHNICAL FIELD

Embodiments of the present invention pertain to the field of
robotic manipulators used in medical applications.

BACKGROUND

Conventional robots are designed to do exactly the same
thing over and over again, such as 1n an assembly line for
assembly. These robots are programmed and configured to
repeat a given motion to perform a specific function. Robots
are often implemented to perform a lot of functions, more
eificiently, and often more precisely than humans.

Conventional robots, typically, include one or two robotic
arm. These robotic arms can have multiple segments that help
facilitate movement 1n differing degrees of freedom (DOF).
Some conventional robots employ a computer to control the
segments ol the robotic arm by activating rotation of 1ndi-
vidual step motors connected to corresponding segments.
Other designs may use hydraulics or pneumatics to actuate
movement in the arm segments. Computers allow precise,
repeatable movements of the robotic arm.

Prior Selectively Compliant Articulated Robot Arm
(SCARA) robots operate with 4 or fewer degrees of freedom
(“DOF”). In other words, these robotic arms are designed to
move along 4 or fewer axes. A typical application for a con-
ventional robotic arm 1s that of pick-and-place type machine.
Pick-and-place type machines are used for automation
assembly, automation placing, printed circuit board manufac-
turing, integrated circuit pick and placing, and other automa-
tion jobs that contain small items, such as machining, mea-
suring, testing, and welding. These robotic arms include an
end-effector, also known as robotic peripheral, robotic acces-
sory, robot or robotic tool, end-of-arm (EOA) tooling, or
end-of-arm device. The end-efifector may be an implement
such as a robotic gripper, press tool, paint gun, blowtorch,
deburring tool, arc welding gun, drlls, etc. These end-eflec-
tors are typically placed at the end of the robotic arm and are
used for uses as described above. One common end-effector
1s a sstmplified version of the hand, which can grasp and carry
different objects. Such end eflectors typically support maxi-
mum payloads ranging from 3 kg-20 kg (6.61-44.09 pounds).

Another type of robot that has been implemented 1n posi-
tioming of a radiation source of a radiation treatment system
includes an articulated robotic arm for positioning a radiation
source, such as a linear accelerator (LINAC), mounted at a
distal end of the articulated robotic arm, for selectively emit-

ting radiation, such as described 1n U.S. Pat. No. 5,207,223 to
Adler.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention are illustrated by
way of example, and not by way of limitation, 1n the figures of
the accompanying drawings and in which:
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FIG. 1 illustrates one embodiment of a robotic treatment
delivery system including a robotic arm having seven degrees

of freedom.

FIG. 2 illustrates another embodiment of a robotic treat-
ment delivery system having a redundant joint.

FIG. 3A illustrates one embodiment of a robotic treatment
delivery system 300 including a vertically-mounted robotic
arm having seven degrees of freedom 1n a first position along
the first axis.

FIG. 3B illustrates another embodiment of the robotic
treatment delivery system of FIG. 3A 1n a second position
along the first axis.

FIG. 3C 1llustrates another embodiment of a robotic treat-
ment delivery system 350 including a robotic arm having six
degrees of freedom horizontally mounted on a linear track for
a seventh degree of freedom.

FIG. 4 A 1llustrates a top side view of a conventional robotic
treatment delivery system 1n a first position relative to a
treatment couch.

FIG. 4B 1illustrates a top side view of a robotic treatment
system 1n the first position relative to the treatment couch,
according to one embodiment.

FIG. 4C 1llustrates a top side view of the conventional
robotic treatment delivery system of FIG. 4A 1n a second
position relative to the treatment couch.

FIG. 4D illustrates a top side view of the robotic treatment
delivery system of FIG. 4B 1n the second position relative to
the treatment couch, according to one embodiment.

FIG. 5 1s a perspective drawing illustrating a workspace of
a robotic treatment delivery system, according to one
embodiment.

FIG. 6 1illustrates one embodiment of a method for posi-
tioning a medical tool using a robotic manipulator.

FIG. 7 illustrates another embodiment of a method for
maintaining a medical tool at the fixed position.

FIG. 8 1llustrates a block diagram of one embodiment of a
treatment system that may be used to perform radiation treat-
ment 1n which embodiments of the present invention may be
implemented.

DETAILED DESCRIPTION

Described herein 1s an apparatus having a medical tool
coupled to a robotic manipulator that can move the medical
tool along seven or more degrees of freedom, the robotic
mampulator having at least one redundant joint. In the fol-
lowing description, numerous specific details are set forth
such as examples of specific components, devices, methods,
etc., 1n order to provide a thorough understanding of the
present embodiments. It will be apparent, however, to one
skilled in the art that these specific details need not be
employed to practice the present embodiments. In other
instances, well-known materials or methods have not been
described in detail 1n order to avoid unnecessarily obscuring
the present embodiments.

The robotic manipulator can position a medical tool
attached to the robotic manipulator 1n seven or more DOF.
The robotic manipulator includes multiple rigid links, inter-
connected by joints, to move the medical tool to move the
medical tool 1 the seven or more DOF. One of the rigid links
includes an additional joint (also referred to herein as redun-
dant joint). The multiple rigid links, interconnected by joints,
allows either rotational or translational displacement of the
medical tool. In one embodiment, the seven DOF includes at
least one redundant DOF. The additional joint may be used to
move the medical tool 1n one redundant DOF. For example,
multiple ngid links, interconnected by joints, may be used to
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move the medical tool 1n s1x DOF, and an additional joint may
be used to move the medical tool 1n the seventh DOEF, the
seventh DOF being a redundant DOF. Alternatively, the mul-
tiple rigid links, interconnected by joints, may be used to
move the medical tool 1n more than seven DOF, where two
additional joints of one of the rigid links are used to move the
medical tool 1n two redundant DOF.

The robotic manipulator may be used in a robotic treatment
delivery system for adjusting a position and orientation of a
radiation source during, for example, therapeutic radiation
treatment. The robotic treatment delivery system includes the
robotic manipulator, such as an articulated robotic arm, to
position and orient the radiation source, such as a LINAC, 1n
a three-dimensional (3D) space. However, unlike the conven-
tional robotic treatment delivery system, the robotic manipu-
lator of the embodiments described herein includes one or
more additional joints than used 1n the conventional robotic
arm having six DOF to move the medical tool along the
seventh or more DOF. For example, by adding an additional
joint on the link between the third axis (A3) and the wrist
assembly, the robotic manipulator can position the joints such
that a greater range of motion 1s capable without putting the
patient or treatment couch in danger of collision with the
robotic manipulator, as compared to the conventional robotic
arm. A similar result may be achieved by adding a third joint
at the location of the first and second axes (Al and A2) to
allow the robotic manipulator to rotate the bulk of the robotic
manipulator, for example, towards the floor. Using this
example, the robotic manipulator can position the medial tool
at multiple heights, for example, the robotic manipulator may
position a LINAC to a low position for high 1socenters, or to
a high position for low 1socenters.

Since the embodiments described herein include one or
more redundant DOF of the seven or more degrees of free-
dom, the embodiments described herein possess more capa-
bilities than the conventional s1ix DOF robotic arms. While the
workspace of the robotic mamipulator increases substantially
given the extra degrees of freedom, the robotic manipulator
having one or more redundant DOF provide an infinite num-
ber of configurations for a given tool pose of the medical tool.

The workspace 1s representative of the operating envelop of
the robotic manipulator. The one or more redundant DOF of

the robotic manipulator may also allow the robotic manipu-
lator to move while the tool position remains constant, as well
as enable smooth planar motions. These additional DOF may
also allow motions necessary for robust obstacle avoidance.
The embodiments described herein may provide more nodes
and more paths to get to the nodes (e.g., existing nodes and
new nodes). The embodiments described herein may also
provide optimization of paths to get to nodes. For example,
the embodiments described herein may reduce the time to
traverse the nodes, as well as increase the distance margin or
clearance between possible obstructions. The embodiments
described herein may also be used to position the medical tool
at a fixed point using a robotic manipulator, and maintain the
medical tool at the fixed point, while moving the robotic
manipulator. The embodiments described herein may also be
used to maneuver the medical tool through a constrained
volume (e.g., obstacle maze) without colliding with an object
outside of the constrained volume.

It should be noted 1n conventional systems, a robotic arm
having greater than six DOF has usually been avoided due to
the increase complexity of hardware and an increase in
required kinematic analysis. However, the embodiments
described herein may be used to avoid obstacles and the
robotic manipulator may be broken down into two segments,
a wrist assembly, and an arm assembly to simplily the kine-
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4

matic analysis of the tool position and tool orientation. For
example, different methods may be used to solve the kine-
matics of each segment.

It should also be noted that the embodiments described
herein have been depicted and described as robotic arms
coupled to a LINAC, however, 1n other embodiments, other
robotic manipulators and/or other medical tools may be used.
For example, the medical tool may be an imaging source of an
imager, a surgical tool, an implantation tool, a treatment
couch, or the like.

FIG. 1 illustrates one embodiment of a robotic treatment
delivery system 200 1including a robotic arm 202 having seven
degrees of freedom. The robotic treatment delivery system
200 includes a LINAC 203, and the robotic arm 202 having a
wrist assembly 212 and an arm assembly. The wrist assembly
212 1s configured to move the LINAC 203 1n three rotational
DOF (Axes 5-7), and the arm assembly 1s configured move
the LINAC 203 in four DOF (Axes 1-4), one being a redun-
dant DOF. The arm assembly includes multiple rigid links,

interconnected by joints, to move the LINAC 203 in the four
DOF, including the redundant DOF.

The LINAC 203 1s used to produce a beam of radiation that
can be directed to a target. The robotic arm may be a highly
articulated robotic arm that may have multiple rotational
DOF 1n order to properly position and orient the LINAC 203
to 1rradiate a target such as a pathological anatomy with a
beam delivered from many angles in an operating volume
around the patient 205. It should be noted that patient 205
may be a human patient, and alternatively, an animal patient.
Also, 1 other embodiments, other objects than a human or
amimal may be used. The treatment implemented with the
robotic treatment delivery system 200 may involve beam
paths with a single 1socenter (point of convergence), multiple
1socenters, or without any specific 1socenters (1.¢., the beams
need only intersect with the pathological target volume and
do not necessarily converge on a single point, or 1socenter,
within the target). Furthermore, the treatment may be deliv-
ered 1n either a single session (mono-fraction) or in a small
number of sessions (hypo-fractionation) as determined dur-
ing treatment planning. The robotic treatment delivery sys-
tem 200 delivers radiation beams according to the treatment
plan without fixing the patient to a rigid, external frame to
register the intra-operative position of the target volume with
the position of the target volume during the pre-operative
treatment planning phase

The LINAC 203 1s rotatably attached to the wrist assembly
212, which includes a tool-yaw joint, a tool-pitch joint, and a
tool-roll joint. The tool-yaw joint of wrist assembly 212 may
be coupled to amounting plate (not illustrated), which may be
attached to the bottom of the LINAC 203. Alternatively, the
tool-yaw joint of wrist assembly 212 may be coupled directly
to the bottom of the LINAC 203. The tool-yaw joint of wrist
assembly 212 facilitates rotational movement of the LINAC
203 1n a yaw-rotation along the z-axis. The tool-pitch joint
may be coupled to the tool-yaw joint and facilitates rotational
movement of the LINAC 203 in a pitch-rotation along the
y-axis. The tool-roll joints may be coupled to the tool-pitch
joint and facilitates rotational movement of the LINAC 203 in
a roll-rotation along the x-axis. The z-axis, y-axis, and x-axis
may be the axes 5-7 of the robotic arm 202.

In the depicted embodiment, the arm assembly 1includes a
redundant-joint assembly 211, an elbow assembly 213, a first
shoulder assembly 214, and second shoulder assembly 215.
The redundant-joint assembly 211 1s coupled to the tool-roll
joint of the wrist assembly 212. The redundant-joint assembly
213 may include three drive shafts and three motors to drive
the rotational movements of the joints of the wrist assembly
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212. In one embodiment, the motors discussed herein may be
step motors. Alternatively, the motors may be servo motors or
other motors as would be appreciated by those of ordinary
skill 1n the art. The first drive shait may be coupled to the
tool-yaw joint and the first motor. The first motor and drive
shaft drive rotational movement of LINAC 203 along the yaw
axis, axis 7. The second drive shaft may be coupled to the
tool-pitch joint and the second motor. The second motor and
drive shaft drive rotational movement of the LINAC 203

along the pitch axis, axis 6. The third drive shait may be
coupled to the tool-roll joint and the third motor. The third

motor and drive shaft drive rotational movement of the
LINAC 203 along the roll axis, axis 5. It should be noted that
the axes may be designated 1n other orders of axes 3-7.

The elbow assembly 213 1s coupled to the redundant-joint
assembly 211 by a redundant joint, and the first shoulder
assembly 214 1s coupled to the elbow assembly 213 by an
clbow joint. The redundant joint includes a gearbox, which
may be configured to drive rotational movement of the redun-
dant-joint assembly 211 1n a rotational axis, axis 4. The elbow
joint includes an elbow gearbox, which may be configured to
drive rotational movement of the elbow assembly 213 1n a
rotational axis, axis 3. The shoulder assembly 214 includes a
first shoulder joint, which includes a gearbox, which may be
configured to drive rotational movement of the first shoulder
assembly 214 1n a rotational axis, axis 2. The gearboxes of the
additional jo1nt, elbow joint, and shoulder joints may facili-
tate translational movement of the LINAC 203 1n 3-D space.
The second shoulder assembly 215 1s coupled to the first
shoulder assembly 214 by a second shoulder joint, which
includes a gearbox, which may be configured to drive rota-
tional movement of the second shoulder assembly 215 1n a
rotational axis, axis 1. It should be noted that in other embodi-
ments, the robotic arm 202 may include other types of motion
actuators than gearboxes for moving the LINAC 203, 1n
accordance with directions from the controller.

In the depicted embodiment, the redundant-joint assembly
211 1s coupled between the wrist assembly 212 and the elbow
assembly 213. Alternatively, the redundant-joint assembly
211 may be coupled between other components of the arm
assembly. For example, 1in another embodiment, the redun-
dant-joint assembly 1s coupled between the elbow assembly
and the first shoulder assembly. In this embodiment, an elbow
joint 1s coupled to the wrist assembly and the elbow assembly.
The elbow joint includes an elbow gearbox to drive rotational
movement of the robotic arm 1n a rotational axis, axis 4. Also,
a redundant joint 1s coupled to the elbow assembly and the
first shoulder assembly. The redundant joint includes a gear-
box to drive rotational movement of the robotic arm 1n a
rotational axis, axis 3. The first and second shoulder assem-
blies 1include the first and second shoulder joints and corre-
sponding gearboxes to drive rotational movement of the
robotic arm 1n the rotational axes, axis 2 and axis 1, as
described above. In another embodiment, when the elbow
assembly 213 1s coupled directly to the wrist assembly 212,
the elbow assembly 1ncludes the first, second, and third drive
shafts that are coupled to the tool-yaw joint, tool-pitch joint,
and the tool-roll joint, respectively, and the first, second, and
third motors to drive rotational movement of the tool-yaw,
tool-pitch, and tool-roll joints, respectively.

The robotic arm 202 may be coupled to a mount assembly
216 by the second shoulder joint. The mount assembly 216
may be coupled to the floor, wall, ceiling, a column, or the
like. Alternatively, the robotic arm 202 may be coupled
directly to the floor, wall, ceiling, a column, or the like,
without the use of the mount assembly 216.
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In another embodiment, the second shoulder assembly 215
includes a third shoulder joint having a third shoulder gearbox
to drive rotational movement of the robotic arm 1n an eighth
axis of the robotic arm. In another embodiment, the mount
assembly 216 1s coupled to a track mount assembly, which 1s
coupled to a track 226. Alternatively, the second shoulder
assembly 2135 may be coupled to the track mount assembly.
The track mount assembly and track may facilitate transla-
tional movement of the LINAC 203 1n a substantially, linear
axis. The track may be horizontally oriented or vertically
oriented. This linear axis may be the eight DOF of the robotic
arm. In another embodiment, the linear axis 1s the seventh
DOF, 1n place of the last rotational axis, axis 1, as described
above.

In one embodiment, the substantially linear DOF 1s a first
DOF of the seven or eight DOF, meaning the DOF closest to
the base end of the robotic arm, as opposed to the last DOF at
the end-effector end (also referred to as the business end) of
the robotic arm, which 1s the farthest from the base end of the
robotic arm. The first DOF 1s configured to move the other six
or seven rotational DOF of the robotic arm. That i1s, the
medical tool and robotic arm may be moved along the sub-
stantially linear axis throughout an entire range of motion of
the medical tool without movement of the medical tool along,
the rotational degrees of freedom.

The substantially linear DOF 1ncludes a substantially lin-
car axis for translational movement of the medical tool along
either a substantially vertical line in the z-axis substantially
perpendicular to mutually orthogonal horizontal coordinate
x- and y-axes or a substantially horizontal line 1n mutually
orthogonal horizontal coordinate x- and y-axes substantially
perpendicular to the z-axis. In one embodiment, the track may
be vertically oriented, for example, vertically mounted to a
vertical side of column. The column may be secured or
mounted to the floor of the treatment room during therapeutic
radiation treatment or below the floor 1n a pit. In another
embodiment, the column may be secured or mounted to the
ceiling of the treatment room during therapeutic radiation
treatment. Alternatively, the track may be vertically mounted
to other structures known to those skilled in the art, such as a
wall, pedestal, block, or base structure. In another embodi-
ment, the track may be horizontally oriented, for example,
horizontally mounted to the tloor of the treatment room dur-
ing therapeutic radiation treatment or below the tloor 1n a pat.
In another embodiment, the track may be secured or mounted
to the ceiling of the treatment room during therapeutic radia-
tion treatment. Alternatively, the track may be horizontally
mounted to other structures known to those of ordinary skall
in the art.

In one embodiment, a controller (not illustrated for ease of
illustration) 1s coupled to the robotic arm 202 to move the
robotic arm and the LINAC 203 1n the seven or more DOF.
The robotic arm 202 may be controlled by motion commands
recetved from the controller. In another embodiment, a user
interface unit 1s coupled to the controller to manually move
the robotic arm 202 and the LINAC 203 in the seven or more
DOF.

The above mentioned arrangement of the wrist assembly
212, elbow assembly 213, first shoulder assembly 214, sec-
ond shoulder assembly 215, and mount assembly 216 facili-
tate the positioning of the LINAC 203 using seven rotational
DOF, including one redundant DOF. The seven DOF of the
robotic arm 202 of the robotic treatment delivery system 200
may position and orient the LINAC 203 1n substantially any
place 1n a desired treatment area, such as a workspace within
the mechanical range of motion of the robotic arm 202. The
robotic arm 202 may position the LINAC 203 to have a tool
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center position (TCP), machine center, or 1socenter 1n mul-
tiple locations within the workspace or treatment area. The
motion command signals, generated by the controller, may
control corrective motions of the robotic treatment delivery
system 200 1n the various DOF. In one embodiment, the
position and orientation of the LINAC 203 with respect to the
treatment couch 206 may be known, so that coordinated
movements may be effected. In one exemplary embodiment,
both the LINAC 203 and the treatment couch 206 can be
referenced to a common (or “room”) coordinate system.
Alternatively, the robotic arm 202 may be configured to facili-
tate motion of the LINAC 203 along eight DOF.

In one embodiment, the eight DOF include two redundant
DOF. In another embodiment, the eight DOF include seven
rotational DOF, including one redundant DOF, and one trans-
lational DOF. Alternatively, other configurations are possible.
In one exemplary embodiment, the seven DOF includes four
rotational axes for translational movement of the LINAC 203
along mutually orthogonal x-, y-, and z-coordinate axes, and
three rotational axes for roll-, pitch-, and yaw-rotations of the
LINAC 203 about x-, y-, and z-axes, respectively. In this
embodiment, the four rotational axes include one redundant
rotational axis for translational movement of the LINAC 203.
In another exemplary embodiment, the eight DOF includes
five rotational axes for translational movement of the LINAC
203 along mutually orthogonal x-, y-, and z-coordinate axes,
and three rotational axes for roll-, pitch-, and yaw-rotations of
the LINAC 203 about x-, y-, and z-axes, respectively.

In another exemplary embodiment, the eight DOF includes
four rotational axes for translational movement of the LINAC
203 along mutually orthogonal x-, y-, and z-coordinate axes,
three rotational axes for roll-, pitch-, and yaw-rotations of the
LINAC 203 about x-, y-, and z-axes, respectively, and a
substantially linear DOF that includes a substantially linear
axis for translational movement of the medical tool along
either a substantially vertical line in the z-axis substantially
perpendicular to mutually orthogonal horizontal coordinate
x- and y-axes or a substantially horizontal line 1n mutually
orthogonal horizontal coordinate x- and y-axes substantially
perpendicular to the z-axis. Alternatively, one or more redun-
dant DOF may be used 1n other configurations.

The robotic treatment delivery system 200 1s configured to
adjust the position and orientation of the LINAC 203 in a 3D
workspace or operating envelop 1n a treatment room under
computer control, during therapeutic radiation treatment,
using the controller. The controller may be coupled to the
robotic arm 202, a motion tracking system 210, a user inter-
face, an 1maging system (including x-ray sources 207 and
detectors 208), and a patient positioning system 212, includ-
ing a treatment couch 206. Alternatively, the controller is
coupled to more or less components of the system depicted 1n
FIG. 1.

In one embodiment, the robotic treatment delivery system
200 may be a frameless, image-guided robot-based therapeus-
tic radiation treatment system utilizing a LINAC. Alterna-
tively, the robotic treatment delivery system 200 may be other
types of robot based medical systems. In one embodiment,
the radiation source 1s a LINAC, such as LINAC 203. Alter-
natively, the radiation source may be other types of radiation

sources that can be mounted to the distal end of the robotic
arm. In one embodiment, the LINAC 203 1s an x-ray LINAC.

Alternatively, the LINAC 203 may be other types of LINACs
as would be appreciated by those of ordinary skill 1n the art.

In the depicted embodiment, the patient positioning system
212 includes the treatment couch 206 coupled to arobotic arm
221 having a wrist assembly 222, an elbow assembly 223, a
shoulder assembly 224, a track mount assembly 225, and a
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track 226. The robotic arm 221 1s configured to move the
treatment couch 1n six DOF, including one substantially lin-
car DOF. The robotic arm 221 includes multiple rigid links,
interconnected by joints, to move the treatment couch 206 1n
the five rotational DOF. The robotic arm 221 1s mounted to the
track 226, which facilitates movement of the treatment couch
206 1n the substantially linear DOF. The wrist assembly 222
1s configured to move the treatment couch 206 1n three rota-
tional DOF (Axes 4-6), and the elbow, shoulder, and track
mount assemblies 223-2235, and the track 226 are configured
move the treatment couch 206 in three DOF, two rotational
DOF and the substantially linear DOF.

The elbow assembly 223 1s coupled to the wrist assembly
222 and the shoulder assembly 224. The track mount assem-
bly 225 1s coupled to the track 226 and to the shoulder joint of
the shoulder assembly 214. In the depicted embodiment, the
track mount assembly 225 and track 226 facilitate transla-
tional movement of the LINAC 203 1n a substantially vertical,
linear axis. The substantially vertical, linear axis (z-) may be
substantially perpendicular to the two dimensional horizontal
plane (x-, y-). In one embodiment, the track may be vertically
oriented, for example, vertically mounted to a vertical side of
a column. The column may be secured or mounted to the floor
of the treatment room during therapeutic radiation treatment
or below the floor 1n a pit. In another embodiment, the column
may be secured or mounted to the ceiling of the treatment
room during therapeutic radiation treatment. Alternatively,
the track 226 may be vertically mounted to other structures
known to those skilled 1n the art, such as a wall, pedestal,
block, or base structure.

Although the treatment couch 206 1s coupled to the robotic
arm 221 in FIG. 1, 1n other embodiments, other patient posi-
tioning systems may be used to position and orient the patient
relative to the robotic treatment delivery system 200. For
example, the LINAC 203 may be positioned with respect to a
treatment couch 206 that 1s not coupled to a robotic arm, such
as a treatment couch mounted to a stand, to the floor, to the
AXUM® treatment couch, developed by Accuray Inc., of
Sunnyvale, Calif., or to other patient positioning systems.

In one embodiment, the robotic arm 221 1s coupled to the
same controller as the controller that controls the robotic arm
202. The controller may be used to coordinate the movements
of both the LINAC 203 and the treatment couch 206 relative
to one another. This may allow the LINAC 203 to be posi-
tioned and oriented with respect to the treatment couch in
additional positions that may have been previously obstructed
for conventional systems. In another embodiment, the robotic
arms 202 and 221 are coupled to separate controllers.

In another embodiment, the robotic treatment delivery sys-
tem 200 includes an x-ray imaging system. The x-ray imaging
system generates 1image data representative ol one or more
real time or near real time 1images of the target. The x-ray
imaging system may include a pair of diagnostic x-ray
sources 207, power supplies associated with each x-ray imag-
Ing source, one or two 1maging detectors 208 (or cameras),
and controller. The x-ray imaging sources 207 may be
mounted angularly apart, for example, about 90 degrees
apart, and aimed through the treatment target (e.g., tumor
within the patient) toward the detector(s) 208. Alternatively, a
single large detector may be used that would be 1lluminated
by each x-ray source. In the single detector imaging system,
the two x-ray sources 207 may be positioned apart at an angle
less than 90 degrees to keep both images on the single detec-
tor surface.

The detector(s) 208 may be placed below the treatment
target, e.g., on the floor, on the treatment couch 206, or under-
neath the LINAC 203, and the x-ray imaging sources 207 may
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be positioned above the treatment target (e.g. the ceiling of the
treatment room), to minimize magnification of the images
and therefore the required size of the detector(s) 208. In an
alternative embodiment, the positions of the x-ray imaging
sources 207 and the detector(s) 208 may be reversed, e.g. the
x-ray imaging sources 207 below the treatment target and the
detector(s) 208 above the treatment target. In another embodi-
ment, the detector(s) 208 are arranged in a manner such that
they move into position for imaging and the moved out of the
way during positiomng of the LINAC 203 or the treatment
couch 206 or during delivery of the radiation beam from the
LINAC 203.

The detector(s) 208 may generate the image information of
the patient and send 1t to the controller. The controller per-
forms all the imaging calculations to determine the patient’s
position with respect to the desired treatment position and
generate corrections for the various DOF. The corrections
could be automatically applied to the robotic treatment deliv-
ery system 200 to automatically align the LINAC 203, and/or
sent to the controller to automatically adjust the patient’s
position using the treatment couch 206 and robotic arm 212
relative to the LINAC 203, and/or sent to the user intertface
unit for a user to manually adjust the patient’s position rela-
tive to the LINAC 206, using one or both of the robotic arms
202 and 221.

In another embodiment, the corrective motions of the
robotic treatment delivery system 200 may be dynamically
coordinated with the motions of the treatment couch 206 and
robotic arm 221 using the controller, 1n a way as to maximize
the workspace available to the system. By dynamically coor-
dinating the motions of the treatment couch 206 and the
LINAC 203 using the controller, the available number of
treatment targets increases due to the increased number of
orientations and positions of the LINAC 203 and the treat-
ment couch 206, which are free of obstructions, for example,
by detectors 208 and/or x-ray imaging sources 207, robotic
arms, or other equipment within the treatment room. In this
embodiment, the robot-implemented movements of the
LINAC 203 are complemented by the corrective motions of
the treatment couch 206, so that the relative motion between
the LINAC 203 and the treatment couch 206 ensures the
delivery of the desired radiation pattern throughout the target
region.

The treatment couch 206 supports the patient 205 during,
treatment, and may be positioned between the two x-ray
cameras and their respective diagnostic x-ray sources of the
imaging system. In one embodiment, the treatment couch 206
may be made of a radiolucent material so that the patient
could be 1imaged through the treatment couch 206.

The 1maging system generates, in real time or near real
time, X-ray 1images showing the position and orientation of the
target 1n a treatment coordinate frame. The controller may
contain treatment planning and delivery software, which may
be responsive to pre-treatment scan data CT (and/or MRI
data, PET data, ultrasound scan data, and/or tluoroscopy
imaging data) and user input, to generate a treatment plan
consisting of a succession of desired beam paths, each having
an associated dose rate and duration at each of a fixed set of
treatment positions or nodes. In response to the controller’s
directions, the robotic arm moves and orients the LINAC 203,
successively and sequentially through each of the nodes,
while the LINAC 203 delivers the required dose as directed by
the controller. The pre-treatment scan data may include, for
example, CT scan data, MRI scan data, PET scan data, ultra-
sound scan data, and/or fluoroscopy imaging data.

Prior to treatment, the patient’s position and orientation
within the frame of reference established by imaging system
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may be adjusted to match the position and orientation that the
patient had within the frame of reference of the C'T (or MRI or
PET or fluoroscopy) scanner that provided the images used
for planning the treatment. In one exemplary embodiment,
this alignment may be performed to within tenths of a milli-
meter and tenths of a degree for all of the DOF.

The controller may also communicate with a diagnostic or
treatment planning system, receiving pre-treatment scan data
representative of one or more pre-treatment scans of a treat-
ment target within the patient. The pre-treatment scans may
show the position and orientation of the target with respect to
a pre-treatment coordinate system. The controller may also
receive from the imaging system (x-ray sources 207 and
detectors 208) image data representative of real time or near
real time 1mages of the target. The 1image data may contain
information regarding the real time or near real time position
and orientation of the target with respect to a treatment coor-
dinate system. The treatment coordinate system and the pre-
treatment coordinate system are related by known transior-
mation parameters.

The controller may include an input module for receiving,
1) pre-treatment scan data representative ol pre-treatment
scans of the target, and 2) real time or near real time 1mage
data representative of real time or near real time 1mages of the
target. The pre-treatment scans show the position and orien-
tation of the target with respect to the pre-treatment coordi-
nate system. The near real-time 1mages, taken by the imaging
system under the command of the controller, show the posi-
tion and orientation of the treatment target with respect to the
treatment coordinate system. The treatment coordinate sys-
tem and the pre-treatment coordinate systems are related by
known transformation parameters. The controller includes a
TLS (target location system) processing unit that computes
the position and orientation of the treatment target in the
treatment coordinate system, using the pre-treatment scan
data, the real time or near real time 1mage data, and the
transiformation parameters between the pre-treatment coordi-
nate system and the treatment coordinate system. The pro-
cessing unit of the controller may also compute the position
and orientation of the 1socenter of the LINAC 203.

The motion tracking system 210 may be used for detecting,
the position of the LINAC 203 and/or a treatment couch 206.
The motion tracking system 210 may be a part of, or separate
from the robotic treatment delivery system 200. The control-
ler may be operatively coupled to motion tracking system 210
in order to calculate the position and orientation of the LINAC
203 relative to the treatment room or other predefined treat-
ment coordinate system based on the data received from the
motion tracking system. The controller may independently
check the position and orientation of the LINAC against a
model of surrounding obstructions to ensure that the LINAC
203 does not collide with obstacles during motion of the
robotic treatment delivery system 200. The controller may
also operate to control the motion of the robotic treatment
delivery system 200 1n a way that a treatment target within the
patient’s anatomy remains properly aligned with respect to a
treatment beam source of the LINAC 203 throughout the
treatment procedure. Controller may also be used to operate
the positioning of the treatment couch 206.

The motion tracking system 210 may be a laser scanning
system or an optical tracking system disposed within the
treatment room for detecting the position of the LINAC 203
relative to the treatment room or other treatment coordinate
system. An exemplary laser scanning system may scan the
treatment room approximately 60x/sec to determine the posi-
tion of the LINAC 203. The laser scanning system may
include devices performing a single plane scanning, or two-
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plane scanning, or multiple-plane scanning. Correspond-
ingly, the controller may be loaded with software adapted for
receiving information from the motion tracking system 210
and calculating the position of the LINAC 203, as well as the
treatment couch or other equipment 1n the treatment room, so
that the robotic treatment delivery system 200 including the
controller always knows the position of the LINAC 203. The
controller may be programmed to automatically or periodi-
cally calibrate the LINAC 203 with the treatment couch.

In an alternative embodiment, the motion tracking system
210 includes a magnetic tracking system for tracking the
position of the LINAC 203 relative to the treatment coordi-

nate system. The magnetic tracking system preferably
includes at least one transducer attached to the LINAC 203.
Alternatively, other sensor systems may be used, such as an
inertial sensor attached to the LINAC 203 for sensing the
motions of the LINAC 203, a resolver-based sensor system,
an inirared triangulation system, an optical encoder, or the

like, as would be appreciated by those of ordinary skill 1n the
art. It should be noted that the motion tracking system 210
may be used for tracking the robotic arm 202, LINAC 203,
robotic arm 221, the treatment couch 206, a patient 203, or
other objects within the treatment room. The motion tracking
system 210 may also be used for tracking a target within the
patient 203.

The controller may be adapted to detect a misalignment of
the treatment target with the 1socenter of the LINAC 203
caused by patient’s movement by comparing the position of
the treatment target with the 1socenter of the LINAC 203, and
generate motion command signals for implementing correc-
tive motions of the robotic treatment delivery system 200 for
aligning the treatment target with respect to the radiation
treatment source (e.g., LINAC 203).

In another embodiment, the corrective motions of the
robotic treatment delivery system 200 may accommodate for
various motions, such as respiratory motion; cardiac pumping,
motion of the patient’s heart; sneezing, coughing, or hiccup-
ping; and muscular shifting of one or more anatomical mem-
bers of the patient. In another embodiment, the robotic treat-
ment delivery system 200 including the controller may be
adapted to detect and accommodate changes 1n tumor geom-
etry that may be caused by tissue deformation by comparing
the real time or near real time 1mage with the pre-treatment
image and repositioning the LINAC 203 using the robotic arm
202 and/or the patient using the treatment couch, or adjusting
the positions of the LINAC 203 and the treatment couch to
correspond to the treatment plan.

The controller includes software for establishing and main-
taining a reliable communication interface with the LINAC
203. The software uses the interface specifications developed
tor the LINAC 203. The controller further includes software
for converting the patient position and orientation informa-
tion from the imaging system to appropriate units of move-
ment 1n the DOF of motion capability of the LINAC 203. The
controller may include software for providing a user interface
unit to the treatment delivery system’s user control console, to
monitor and 1nitiate the motion of the robotic treatment deliv-
ery system 200 for positioning the patient. The controller 200
may also include software for detecting, reporting, and han-
dling errors 1n communication or soltware control of the
LINAC 203.

The controller may include at least one user interface unit
for enabling the user to interactively control the motions or
corrective motions of the robotic treatment delivery system
200, by implementing one or more user-selectable functions.
The user interface unit may be a handheld user interface unit
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or remote control unit. Alternatively, the user interface unit
may be a graphical user interface (GUI) on a display.

The communication links between the controller and other
components of the robotic treatment delivery system 200
(e.g., the robotic arm 202, LINAC 203, motion tracking sys-
tem 210, user iterface, treatment couch 206, and imaging
system) may be wired links or wireless links, with a band-
width necessary for maintaiming reliable and timely commu-
nications.

It should be noted that additional joint 1n the embodiments
above has been implemented 1n a redundant-joint assembly
that 1s coupled between the wrist assembly 211 and the elbow
assembly 213, however, in other embodiments, the redundant
jomt may be implemented in other configurations. In one
embodiment, the robotic arm includes a wrist assembly that 1s
coupled to the LINAC 203, and an arm assembly that is
coupled to the wrist assembly. The arm assembly may include
one or more redundant joints. The one or more redundant
joints may be implemented in conjunction with one or more
redundant-joint assemblies, or as additional joints to the other
assemblies of the arm assembly. For example, the depicted
embodiment of FIG. 1 1llustrates the additional joint between
the wrist assembly 211 and the elbow assembly 213. In other
embodiments, the additional joint may be disposed in a
redundant-joint assembly coupled between any two of the
following: the elbow assembly 213, first shoulder assembly
214, second shoulder assembly 215, and the mount assembly
216. In other embodiments, the additional joint may be imple-
mented as an additional joint to a joint of any one of the
following: the elbow assembly 213, first shoulder assembly
214, and second shoulder assembly 215. For example, the
first and second shoulder assemblies (collectively with the
mount assembly 216 may be referred to as a base assembly)
includes the first and second shoulder joints. The additional
joint may be added at the location of the first and second axes
(Al and A2) (e.g., at the base assembly including the first and
second shoulder joints). By adding the additional joint at the
location of the first and second shoulder joints, the arm
assembly 1s capable to position the joints such that a greater
range of motion 1s capable without putting the patient or
treatment couch in danger of collision with the robotic arm or
LINAC 203, as compared to the conventional robotic arm.
Also, by adding the additional joint at the location of the first
and second shoulder joints, the arm assembly 1s capable of
rotating the bulk of the robotic arm, for example, towards the
floor, as 1llustrated 1n FIG. 2.

FIG. 2 illustrates another embodiment of a robotic treat-
ment delivery system 250 having a redundant joint. The
robotic treatment delivery system 250 includes the LINAC
203 coupled to a robotic arm 252. The robotic arm 252
includes the wrist assembly 212, elbow assembly 213, first
shoulder assembly 214, second shoulder assembly 2135, and
the mount assembly 216, as described above with respect to
FIG. 1. Rather than having the redundant-joint assembly 211,
the robotic arm 252 includes an additional joint 253 at the
location of the first and second shoulder assemblies. It should
be noted that the robotic arm 202 uses the first and second
shoulder joints to move the robotic arm 202 along the first and
second rotational axes (Al and A2) at the base assembly and
the elbow and redundant joints to move the robotic arm 202
along the third and fourth rotational axes (A3 and A4). The
arm assembly of the robotic arm 202 includes the base assem-
bly, which 1ncludes the first and second shoulder joints, and
three rigid links interconnected by the additional joint and the
clbow jo1nt. In contrast, the robotic arm 252 uses the first and
second shoulder joints, and the additional joint 253 to move
the robotic arm 2352 along the first, second, and third rota-
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tional axes (Al, A2, and A3) at the base assembly, and the
clbow joint to move the robotic arm 252 along the fourth
rotational axis (A4). The arm assembly of the robotic arm 252
includes the base assembly, which includes the first and sec-
ond shoulder joints and the additional joint 253, and two rigid
links interconnected by the elbow joint. As described above,
by adding the additional joint 253 at the base assembly, the
bulk of the robotic arm 252 may be rotated, for example,
towards the tloor.

In the depicted embodiment, the robotic arm 2350 1s rotated
from a first position 251 (indicated by dashed lines), to a
second position 253 (indicated by solid lines). These two
positions 251 and 252 may be used to position the LINAC 203
to a high position for treating lower 1socenters, and to a low
position for treating higher 1socenters. For example, the treat-
ment couch 206 in FIG. 2 has been 1llustrated as being dis-
posed 1n a high position. As such, the 1socenter may be a high
1socenter. In order to position the LINAC 203 1n certain posi-
tions below the high 1socenter, the robotic arm 252 may be
rotated about the additional joint 253 to position the LINAC
203 underneath the high isocenter, such as at the second
position 253. However, when the treatment couch 206 1s
moved to a lower position, the robotic arm 252 may be rotated
about the additional joint 253 to position the LINAC 203
above the low 1socenter, such as at the first position 251.

Although the embodiments above are described as moving
the LINAC 203 and robotic arm 202 with respect to the
treatment couch 206, which 1s coupled to a robotic arm 221,
in other embodiments, the LINAC 203 and robotic arm 202
are moved with respect to a conventional treatment couch
106, which may be coupled to a conventional robotic arm,
such as robotic arm 102, or a conventional treatment couch
that 1s not coupled to a conventional robotic arm.

The embodiments of FIGS. 1 and 2 illustrate robotic arms
that are mounted horizontally to a mount assembly, as well as
to the floor. In other embodiments, the robotic arms, including,
one or more additional joints may be vertically mounted, such
as 1llustrated 1n FIGS. 3A and 3B.

FIGS. 3A and 3B illustrates one embodiment of a robotic
treatment delivery system 300 including a vertically-
mounted robotic arm having seven degrees of freedom 1n two
positions 321 and 323 along the first axis. The robotic treat-
ment delivery system 300 includes the LINAC 203 coupled to
the robotic arm 302. The robotic arm 302, like robotic arms
202 and 252, includes the wrist assembly 212 and an arm
assembly. As described above, the wrist assembly 212 1is
configured to move the LINAC 203 in three rotational DOF

(Axes 5-7). The depicted embodiment of the arm assembly of
FIG. 3A includes an elbow assembly 313, a redundant-joint
assembly 311, a shoulder assembly 314, a track mount assem-
bly 316, and track 317. The elbow assembly 313 1s coupled to
the tool-roll joint of the wrist assembly 212. The elbow
assembly 313 may include three drive shaits and three
motors, as described above with respect to the redundant-
joint assembly 211. The redundant-joint assembly 311 1s
coupled to the elbow assembly 313 by an elbow jo1nt, and to
the shoulder assembly 314 by a redundant joint. The shoulder
assembly 314 1s coupled to the track mount assembly 316 by
a shoulder joint. The elbow joint, redundant joint, and shoul-
der joint may include a gearbox, which may be configured to
drive rotational movement of the elbow assembly 313 1n a
fourth rotational axis (axis 4), the redundant-joint assembly
311 in a third rotational axis (axis 3), and the shoulder assem-
bly 314 1n a second rotational axis (axis 2), respectively. The
gearboxes of the elbow joint, redundant joint, and shoulder
joint may facilitate translational movement of the LINAC 203
in a two-dimensional horizontal plane, for example, in the (x-,
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y-) plane parallel with the floor. The track mount assembly
316 and track 317 facilitate translational movement of the
LINAC 203 1n a substantially vertical, linear axis (axis 1). The
substantially vertical, linear axis (z-) may be substantially
perpendicular to the two dimensional horizontal plane (x-,
y-).

In this embodiment, the track 317 1s mounted to a vertical
side of a column 318. The column 318 may be secured or
mounted to the floor of the treatment room during therapeutic
radiation treatment or below the floor 1n a pit. In another
embodiment, column 318 may be secured or mounted to the
ceiling of the treatment room during therapeutic radiation
treatment. Alternatively, the track 317 may be vertically
mounted to other structures known to those skilled in the art,
such as a wall, pedestal, block, or base structure.

A controller 201 1s coupled to the robotic arm 302 to move
the robotic arm 302 and the LINAC 203 1n the seven DOF. The
robotic arm 302, controlled by the controller 201, facilitate
the positioning and orienting of the LINAC 203 using six
rotational DOF, and one translational substantially vertical,
linear DOF. Like the robotic arm 202, the six rotational and
one substantially horizontal, linear DOF of the robotic arm
302 of the robotic treatment delivery system 200 may position
the LINAC 203 1n substantially any place in a desired treat-
ment area, such as a workspace, within the mechanical range
of motion of the robotic arm 302. The robotic arm 302 may
position the LINAC 203 to have a TCP 1n multiple locations
within the workspace or treatment area.

In one embodiment, the robotic arm 302 1s configured to
move the LINAC 203 along a single axis without moving the
LINAC 203 along the other axes throughout an entire range of
motion of the LINAC 203. For example, the first DOF 1s
configured to move the LINAC 203 along a substantially
linear axis through substantially an entire range of motion of
the robotic arm without movement of the LINAC 203 along
the four, five, or six rotational DOF. The first DOF 1s the DOF
that 1s closest to the base end of the robotic arm. The base end
1s where the robotic arm 302 1s mounted to the column 318.
Alternatively, the base end 1s where the robotic arm 302 1s
mounted to the floor, ceiling, wall, or other mounting loca-
tions 1n the treatment room. The LINAC 203 1s coupled to the
robotic arm 202 at the end-effector end of the robotic arm 302,
also referred to as the business end of the robotic arm 302.

In one embodiment, the controller 201 1s configured to
move the robotic arm 302 1n along the first axis 331 of the first
DOF. The first DOF 1s configured to move the other six
rotational DOF of the robotic arm 302. The controller moves
the robotic arm 302 up and down along the axis 331 to
different positions. For example, the robotic arm 302 may be
positioned 1n the first position 321, as 1llustrated 1n FIG. 3A,
and 1n the second position 323, as 1llustrated in FIG. 3B. As
illustrated in FIGS. 3A and 3B, the robotic arm 302 can be
configured to move the LINAC 203, as well as the robotic arm
302, along the substantially vertical, linear axis (e.g., axis
331) throughout substantially an entire range of motion of the
LINAC 203 without movement of the LINAC 203 along the
s1x rotational DOF.

In another embodiment, the robotic arm 302 has a substan-
tially linear DOF that 1s horizontal. In another embodiment,
the robotic arm 302 has four rotational DOF and one substan-
tially linear DOF, and the first DOF is the substantially linear
DOF that 1s configured to move the other four rotational DOF
of the robotic arm. In this embodiment, the controller can
move the LINAC along the substantially linear axis (e.g., axis
331 or a horizontal first axis) throughout substantially an
entire range of motion of the LINAC 203 without movement

of the LINAC 203 along the four rotational DOF. In the
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embodiment of the first DOF being horizontal, the controller
1s configured to move the LINAC 203 along a substantially
horizontal line 1n the mutually orthogonal horizontal coordi-
nate axes (e.g., Xx- and y-axes) that are substantially perpen-
dicular to the vertical axis (e.g., z-axis). In the embodiment of
the first DOF being vertical, the controller 1s configured to
move the LINAC 203 along a substantially vertical line 1n the
vertical axis (e.g., z-axis) that 1s substantially perpendicular
to the mutually orthogonal horizontal coordinate axes (e.g., X-
and y-axes).

FIG. 3C 1llustrates another embodiment of a robotic treat-
ment delivery system 350 including a robotic arm having six
degrees of freedom horizontally mounted on a linear track
353 for a seventh degree of freedom. It should be nod that
although the linear track 353 1s described as the seventh DOF,
the linear track 353 can also be referred to the first DOF, since
the first DOF 1s typically the DOF closest to the base end of
the robotic arm 352. The linear track 353 allows the entire
robotic arm 352 to be moved from one position to another in
the treatment room, providing a seventh DOF 1n addition the
s1x DOF of the robotic arm 352. The robotic treatment deliv-
ery system 350 includes a horizontally-mounted robotic arm
352 having six degrees of freedom, and the LINAC 203
coupled to the robotic arm 352. The robotic arm 352 1s hori-
zontally mounted to a linear track 353 having, for example,
rails 354 that allow the robotic arm 352 to be translated along,
a linear axis. The robotic arm 352 may be coupled to a track
mount assembly that engages with the rails 354 to allow the
robotic arm 352 to be moved along the track 353. Alterna-
tively, other types of mechanism may be used to allow the
robotic arm 352 to be moved along the track 353, as would be
appreciated by one of ordinary skill in the art. In another
embodiment, the track 353 1s a non-linear track. The control-
ler (not illustrated) 1s configured to move the robotic arm 352
and the LINAC 203 1n the seven DOF, including one transla-
tional DOF (e.g., substantially horizontal), and the six rota-
tional DOF of the robotic arm 352. The controller can move
the robotic arm 352 along a single axis (or non-linear path)
without moving the other DOF of the robotic arm 3352
throughout an entire range of motion of the LINAC 203. In
effect, the seventh DOF allows the entire frame of reference to
be shifted.

Although the embodiment described above 1s a horizon-
tally-mounted, six DOF robotic arm 352 that 1s mounted to a
floor, other configurations are possible. For example, the lin-
car track 353 may be mounted to a celling or to a pit within the
floor. Also, 1n other embodiments, the track may be vertically
mounted to a column, a wall, or the like. In other embodi-
ments, the robotic arm 352 includes a redundant degree of
freedom, as described herein. In one embodiment, the robotic
arm 352 includes six degrees of freedom, one of the six being
a redundant DOF, and the seventh DOF 1s the track. In another
embodiment, the robotic arm 352 includes seven DOF, one of
the seven being a redundant DOF, and the eighth DOF 1s the
track. Alternatively, the robotic arm 352 may include more
than one redundant DOF.

Using just a s1x DOF robotic arm, the workspace, which 1s
representative of the operating envelop of the robotic arm
may be non-symmetric about the patient because of interfer-
ence and reachability 1ssues. For example, if the robotic arm
1s disposed on one side of the patient, the LINAC may not be
positioned 1n certain positions because 1t would be obstructed
by the patient, the treatment couch, or other objects within the
room. The linear track 353 can enable the robotic arm 353 to
be positioned on both sides of the treatment couch, creating a
symmetric workspace. The linear track 353 may also enable
an expanded workspace, allowing the LINAC 203 to be posi-
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tioned 1n more positions that were previously obstructed or
avolded due to the proximity of the patient. The linear track
353 may also expand the workspace by moving the robotic
arm 353 closer to or further away from the patient. This may
be analogous to someone lifting a heavy object wither with
one’s arm stretched out or too close to one’s body. If 1t”s too
close, one might step farther away, and 11 1t°s too far away, one
might step closer to the object. Since uniquely positioning the
LINAC 203 1n space may be done with the six DOF, the
flexibility provided by the seventh DOF (e.g., track) can be
used for positioning the robotic arm 352 to avoid obstacles or
other interferences 1n the treatment room, for a given position
of the LINAC 203. The seventh DOF may also provide more
desirable positions for the robotic arm 352, for example, to
avold reaching over and across the patient. The seventh DOF
may also optimize time of travel based on positions of the
robotic arm 352. For example, the robotic arm 352 may be
moved along the linear DOF without moving the other DOF's.
It should be noted that all of these capabilities may be per-
formed at the same time, but 1n one embodiment, the control-
ler may go through a list of these capabilities according to
priority, such as an ordered list.

The treatment delivery systems 300 and 350 may be used in
conjunction with an 1maging system, a motion tracking sys-
tem, and a patient positioning system, as described with
respect to FI1G. 1.

In one embodiment, components of the robotic arm 202 or
robotic arm 302 may include touch-sensing material on the
components’ exterior. In another embodiment, the exterior of
the components may be coated with contact foam. Alterna-
tively, other materials may be used to prevent components of
the robotic arm 202 or 302 from crushing or knocking over the
operator. Specific details regarding the touch-sensing mate-
rial and contact foam that are known to those of ordinary skall
in the art have not been included as to not obscure the discus-
sion regarding coating the exterior of the robotic arms 202
and 302 with material to prevent the operator from being
knocked over or crushed by the robotic arms.

In one embodiment, the robotic arms of FIGS. 1, 2, 3A, and
3B may include components manufactured by KUKA
Roboter GmbH of Germany. Alternatively, the components of
the robotic arms may include other types of components.

FIG. 4 A 1llustrates a top side view of a conventional robotic
treatment delivery system 400 1n a first position 401 relative
to the treatment couch 206. The conventional robotic treat-
ment delivery system 400 includes the LINAC 103 coupled to
the robotic arm 102. The robotic arm 102 has two rigid links
interconnected by a single elbow joint. The LINAC 103 has
been positioned to the first position 401 relative to the treat-
ment couch 206. At the first position 401, there 1s a distance
margin 410 between the treatment couch 206 and the LINAC
103 and robotic arm 102.

FIG. 4B illustrates a top side view of a robotic treatment
system 450 1n the first position 401 relative to the treatment
couch 206, according to one embodiment. The robotic treat-
ment delivery system 450 includes the LINAC 203 coupled to
the robotic arm 402. The robotic arm 402, unlike the robotic
arm 102, has three rigid links interconnected by two joints, an
clbow jo1nt, and a redundant joint. The robotic arm 102 has
been 1llustrated (dashed lines) in FIG. 4D for comparison

purposes.
The LINAC 203 has been positioned to the same first

position 401 relative to the treatment couch 206. At the first
position, there 1s a distance margin 420 between the treatment
couch 206 and the LINAC 203 and robotic arm 402. The
distance margin 420 of the robotic treatment delivery system
450 1s greater than the distance margin 410 of the conven-
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tional robotic treatment delivery system 400. The robotic arm
402, which includes a redundant joint, may position the
LINAC 203 to increase the distance margin between the
robotic arm and other obstacles 1n the treatment room. Not
only 1s the distance margin 420 greater than the distance
margin 410, but the robotic arm 402 may position the LINAC
203 to the first position 401 through a first path, which has a
higher distance margin between an obstacle (treatment couch
206) and the robotic arm 402 than a second path to the same
position 401, such as the path taken by the robotic arm 102 to
position the LINAC 103.

The robotic arm 402 may position the LINAC 203 to have
a TCP or treatment target in multiple locations within the
workspace or treatment area. The workspace or treatment
area, however, may be limited by positioning restrictions, for
example, obstructions caused by a possible collision between
either the LINAC 203, the treatment couch 206, or their
corresponding robotic arms with components of the system,
such as the LINAC 203, treatment couch 206, imaging
sources 207, detectors 208, and/or robotic arms 202 and 302
or obstructions of the radiation beam of the LINAC 203 with
any of these above mentioned components. For example, the
x-ray imaging sources 207 may prevent the LINAC 203 from
being positioned where the x-ray imaging sources 207 are
mounted because positioning 1t there would result 1n a pos-
sible collision (e.g., collision obstructions). Similarly, the
LINAC 203 may not be positioned under the treatment couch
206 due to the placement of the detectors 208 (e.g., collision
obstructions). Another example of a positioning restriction 1s
obstructions of the radiation beam from the LINAC 203 due
to other components, for example, the detectors 208 and/or
x-ray imaging sources 207 (e.g., beam obstructions). Another
obstruction may be caused by the ground. Using the robotic
arm having at least one redundant joint, these positioning
restrictions may be overcome. By overcoming the positioning,
restrictions, the workspace may be increased because more
nodes for positioning the LINAC 203 may become available,
as describe with respect to FIG. 5. In addition to the increase
in available nodes in the workspace, the robotic arm having at
least one redundant joint may increase the number of avail-
able paths to already existing nodes in the workspace. Also,
once the LINAC 203 has been positioned to a position, one or
more links of the robotic arm may be moved. For example, the
one or more links may be moved to increase the distance
margin between the robotic arm and an obstacle 1n the treat-
ment room, such as the treatment couch 206. In addition,
using the one or more links having one or more redundant
joints, the robotic arm may maneuver the medical tool within
a constrained volume without colliding with obstacles out-
side the constrained volume.

FIG. 4C 1llustrates a top side view of the conventional
robotic treatment delivery system 400 of FIG. 4A 1n a second
position 402 relative to the treatment couch 206. Ifthe robotic
arm 102 were to position the LINAC 203 to the second posi-
tion 402, there would be a collision 430 between the robotic
arm 102 and the treatment couch 206. As such, the second
position 402 1s an obstructed location and 1s unavailable as a
possible node 1n the workspace.

FI1G. 4D 1llustrates a top side view of the robotic treatment
delivery system 450 of FIG. 4B 1n the second position 402
relative to the treatment couch 206, according to one embodi-
ment. Unlike the robotic arm 102, the robotic arm 402 may
position the LINAC 203 at the second position 402, which 1s
considered a previously obstructed location caused by a posi-
tioming restriction, without a collision between the robotic
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arm 402 and the treatment couch 206. The robotic arm 102
has been 1llustrated (dashed lines) in FIG. 4D for comparison
pUrposes.

In another embodiment, movement of the robotic arm 402
and the robotic arm 221 may be dynamaically coordinated.
The dynamic coordination of movement between the treat-
ment couch 206 and the LINAC 203 may increase a number
of treatment targets within a mechanical range of motion of
the robotic arm, may create a treatment target 1n a previously
obstructed location caused by a positioning restriction within
a mechanical range of motion of the robotic arm 402, or a
positioning restriction within a mechanical range of motion
of the robotic arm 221. In one embodiment, the previously
obstructed location may be caused by an obstruction of a
possible collision, for example, between any two of the fol-
lowing: the LINAC 203, treatment couch 206, robotic arm
202, robotic arm 221, x-ray 1imaging sources 207, detectors
208, and/or other components of the system. Alternatively,
the previously obstructed location may be caused by an
obstruction of the radiation beam of the LINAC 203 with any
of the following: the robotic arm 202, robotic arm 221, x-ray
imaging sources 207, detectors 208, and/or other components
of the system. In another embodiment, an anti-collision
model may be embedded 1n the controller to ensure that the
patient 1s not positioned 1n an orientation and/or position that
might cause a possible collision between the treatment couch
206 including the patient’s body and other moving parts of the
system 400.

Using the robotic arm 402, the LINAC 203 may be posi-
tioned 1n symmetrical positions with respect to the treatment
couch 206. The capability of positioning the LINAC 203 with
respect to the treatment couch 206 1n the symmetrical loca-
tions may lead to simplified paths for path planning and
contact avoidance planning, calculated before treatment
delivery, such as calculated by a treatment planning system
during treatment planning. The capability of positioning the
LINAC 203 with respect to the treatment couch 206 1n sym-
metrical locations may increase the workspace within which
the LINAC 203 may be positioned to direct radiation to a
target. The access to direct radiation to targets within various
locations of the patient may be increased because the number
of nodes 1n the workspace 1s increased. For example, the
nodes on one side of the treatment couch 206 may also be
mirrored on the other side of the treatment couch 206.

The total usable surface area may represent the positions or
nodes 1 which the LINAC 203 may be positioned to emit
radiation to the treatment target ol the patient. The total usable
surface area of the robotic treatment delivery system 430,
unlike the total usable surface area of the robotic treatment
delivery system 400, 1s not limited by positioning restrictions
as described above. Using the robotic arm 402, the position-
ing restrictions may be reduced or eliminated. Alternatively,
using the robotic arm 202 or 302, the positioning restrictions
may be reduced or eliminated.

It should be noted that the unreachable area of the robotic
treatment delivery system 400 cannot be cured by merely
mounting the robotic arm 102 on the opposite side of the
treatment couch 206 because the opposite side will then have
the unreachable area due to the obstruction of the treatment
couch 206 and the robotic arm 102. In other words, merely
mounting the robot-based radiosurgery system on another
side does not overcome the positioning restriction due to the
obstruction causing the unreachable area of the robotic treat-
ment delivery system 400.

FIG. 5 1s a perspective drawing 1llustrating a workspace
511 of arobotic treatment delivery system 200 or 300, accord-
ing to one embodiment. As described above, a collection of
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spatial nodes and associated safe paths interconnecting these
spatial nodes 1s called a “workspace” or “node set”. The
workspace 1s representative of the operating envelop of the
robotic arm. The workspace 3511 includes a set of spatial
nodes 511, which reside on the surface of the workspace 511,
at which to position the radiation source. Each of the spatial
nodes 511 are represented by a “+” symbol (only a couple are
labeled). The spatial nodes 511 represent spatial nodes at
which the conventional treatment delivery systems can be
positioned. A workspace or node set, as described above, 15 a
collection of spatial nodes and associated sate paths intercon-
necting these spatial nodes. However, unlike the workspace
of conventional systems, the workspace 511 and the number
of spatial nodes may be increased using the treatment delivery
systems 200 or 300. As such, the workspace 511 also includes
a set of additional or increased spatial nodes 512, as 1llus-
trated as dashed “+”. The total number of spatial nodes 511
and increased spatial nodes 512 of the workspace 511 1is
greater than the total number of spatial nodes 511 of the
workspace of a conventional system.

By moving the LINAC 203 using the robotic arm 202 or
302, the LINAC 203 may access certain zones (e.g., spatial
nodes) around the treatment couch 206 that were previously
blocked or otherwise unreachable 1n conventional systems.
For example, the conventional robotic arm could not position
the LINAC 103 around the treatment couch 106 to position
the LINAC 103 1n certain positions. These blocked positions,
however, are not blocked and are reachable for the treatment
delivery systems 200 and 300, as described herein. Having
greater accessibility to those certain zones, which were pre-
viously blocked or otherwise unreachable by the treatment
couch 1n conventional systems, increases the workspace 511
(e.g., spatial nodes at which the LINAC 203 may deliver
radiation to the target). Moreover, additional spatial nodes
may be accessed that were not accessible by conventional
robotic arms because of the distance margin between the
conventional robotic arm and the patient.

It should be noted that although workspace 511 1s spheri-
cal, alternatively, the workspace 511 may have other geom-
etries (e.g., elliptical) and defined for VOIs residing in the
head of a patient, or within other areas of a patient. Addition-
ally, multiple workspaces may be defined for different por-
tions of a patient, each having different radius or source axis
distances (SADs), such as 650 mm and 800 mm. The SAD 1s
the distance between the collimator in the LINAC 203 and the
target within the VOI. The SAD defines the surface area of the
workspace. In one embodiment of an elliptical workspace,
the SAD may range from 900 mm to 1000 mm. Other SADs
may be used.

Spatial nodes 511 and increase spatial nodes 312 reside on
the surface of workspace 511. Spatial nodes represent posi-
tions where the LINAC 203 1s pre-programmed to stop and
delivery a dose of radiation to the VOI within the patient.
During delivery of a treatment plan, robotic arm 202 moves
the LINAC 203 to each and every spatial node 112 and 412,
where a dose 1s determined to be delivered, following a pre-
defined path. The predefine path may also include some spa-
tial nodes 511 and 512 where no dose needs to be delivered,
in order to simplify the motions of the robotic arm 202 or 302.

The node set may include spatial nodes that are substan-
tially uniformly distributed over the geometric surface of
workspace 511. The node set includes all programmed spatial
nodes 511 and 412 and provides a workable number of spatial
nodes 511 and 512 for effectively computing treatment plan
solutions for most ailments and associated VOIs. The node set
provides a reasonably large number of spatial nodes 511 and
512 such that homogeneity and conformality thresholds can

10

15

20

25

30

35

40

45

50

55

60

65

20

be achieved for a large variety of different VOIs, while pro-
viding enough vantage points to avoid critical structures
within patients. Using the embodiments described herein, the
number of spatial nodes 1s greater than the number of spatial
nodes 1n the conventional systems. It should be appreciated
that the node set may include more or less spatial nodes 511
and 3512 than 1s illustrated or discussed. For example, as
processing power increases and experience gained creating
treatment plans, the average number of spatial nodes 511 and
512 may 1ncrease with time to provide greater tlexibility and
higher quality treatment plans.

During radiation treatment, the patient rests on treatment
couch 206, which 1s maneuvered to position a volume of
interest (“VOI”) containing a target to a preset position or
within an operating range accessible to radiation source of the
LINAC 203. The robotic arm 202 or 302 has seven DOF
capable of positioning the LINAC 203 with almost an infinite
number of positions and orientations within 1ts operating
envelope.

As described above, the embodiments described herein
have been depicted and described as robotic arms coupled to
a LINAC, however, in other embodiments, other robotic
mampulators and/or other medical tools may be used. For
example, the medical tool may be an 1maging source of an
imager, a surgical tool, an implantation tool, a treatment
couch. In the case of a treatment couch, the robotic arm may
position the treatment couch like the LINAC described above
to 1ncrease a distance margin between the robotic arm and
other obstacles 1n the treatment room, to increase the avail-
able workspace, or the like.

The embodiments described herein may allow the LINAC
203 to be positioned at various positioned to direct one or
more radiation beams towards a patient on a treatment couch.
For example, the LINAC 203 may be positioned to a {first
position to direct radiation to a target within the head of a
patient that 1s lying on the treatment couch. Alternatively, the
LINAC 203 may be positioned to a second position to direct
radiation to a target within the patient for a posterior treat-
ment. During posterior treatments, with the patient lying in
supine position on the treatment couch, the LINAC 203 may
be positioned to be pointed upwards at the patient and deliver
the treatment beam from the posterior direction. The LINAC
203 may also be moved to a different location, or in a different
orientation at the same location by moving the position and/or
orientation at the same location. For example, the robotic arm
can position and orient the LINAC 203 above the patient
using the substantial vertical, linear DOF (e.g., track 226) and
the additional DOF (e.g., redundant-joint, elbow, and shoul-
der assemblies) to provide the vertical reach, while the wrist
assembly 212 provides the orientation of the LINAC 203 with
respect to a target in a posterior treatment (e.g., rotate the
LINAC 203 about the pitch-axis using the tool-yaw joint of
the wrist assembly 212). Alternatively, the LINAC 203 may
be positioned and oriented with respect to the target 1n pos-
terior treatments using other motions of the robotic arm 202.
Alternatively, the LINAC 203 at the position 283 1s config-
ured to direct radiation to a target 1n other types of treatments.

FIG. 6 illustrates one embodiment of a method 600 for
positioning a medical tool using a robotic manipulator. The
method 600 includes providing a medical tool (e.g., LINAC
203) coupled to a robotic manipulator having seven or more
DOF, operation 601, and moving the medical tool along seven
or more DOF using the robotic mampulator, operation 602.

Moving the medical tool along the seven or more DOF
includes moving the medical moving the medical tool 1n four
rotational axes for translational movement of the medical tool
along mutually orthogonal x-, y-, and z-coordinate axes, and
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in three rotational axes for roll-, pitch-, and yaw-rotations of
the medical tool about x-, y-, and z-axes, respectively. In one
embodiment, the medical tool can be positioned to a fixed
position by moving the medical tool using the four rotational
axes, and oriented at the fixed position using the three rota-
tional axes. The medical tool may also be moved along a
substantially linear DOF. The substantially linear DOF may
be 1 addition to, in place of one of the rotational DOF
described above. In on embodiment, the medical tool 1s
moved along a substantially vertical, linear DOF having a
substantially linear axis for translational movements of the
medical tool along a substantially vertical line 1n a z-axis that
1s substantially perpendicular to horizontal coordinate x- and
y-axes. In another embodiment, the medical tool 1s moved
along a substantially horizontal, linear DOF having a substan-
tially linear axis for translational movements of the medical
tool along a horizontal line 1n the mutually orthogonal hori-
zontal coordinate x- and y-axes that 1s substantially perpen-
dicular to the z-axis. The medical tool may be moved along a
substantially linear axis throughout substantially an entire
range of motion of the medical tool without moving the
medical tool 1n the six (for seven DOF) or seven (for eight
DOF) rotational DOF.

In another embodiment, the medical tool can be rotated
about the z-axis, y-axis, and y-axis using a tool-yaw joint, a
tool-pitch joint, and a tool-roll joint of a robotic manipulator.
The medical tool can also be rotated about first, second, and
third rotational axes using a redundant joint, an elbow joint,
and a first shoulder joint, respectively, of the robotic manipu-
lator. The medical tool can be either rotating about a fourth
rotational axis using a second shoulder joint or translated
about a substantially linear axis using a track and a track
mount assembly for the seventh DOF.

In another embodiment, the medical tool can be positioned
to a fixed position using a robotic manipulator, and main-
tained at the fixed position, while moving the robotic manipu-
lator. The medical tool can be positioned within a constrained
volume without colliding with an object outside of the con-
strained volume.

The method may also include positioning the medical tool
to a previously obstructed location caused by a position
restriction within a mechanical range of motion of the robotic
manipulator and the medical tool. In another embodiment, the
medical tool 1s positioned from a first position to a second
position through a first path, instead of through an obstructed
path caused by an obstacle to the same second position. In
another embodiment, the medical tool 1s positioned from a
first position to a second position through a first path, the first
path having a higher distance margin between an obstacle and
the robotic manipulator and medical tool than a second path to
the same second position.

FIG. 7 illustrates another embodiment of a method for
maintaining a medical tool at the fixed position. The method
includes positioning a medical tool to a fixed position using a
robotic manipulator, operation 701; and maintaiming the
medical tool at the fixed position, while moving the robotic
manipulator, operation 702. In one embodiment, the robotic
manipulator includes multiple rigid links interconnected by
joints. While the medical tool 1s maintained at the fixed posi-
tion, one or more of the rigid links of the robotic manipulator
may be moved. The medical tool can be positioned within a
constrained volume without colliding with an object outside
of the constrained volume.

In another embodiment, the method includes providing an
imaging system having an imaging field of view, and main-
taining the LINAC 203 substantially outside of the imaging,
field of view for all supported treatment positions.
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In one embodiment, moving the LINAC 203 and the treat-
ment couch 206 may include dynamically coordinating an
orientation and position of the LINAC 203 and the treatment
couch 206 using the controller. In another embodiment, mov-
ing the LINAC 203 and the treatment couch 206 includes
aligning a radiation source of the LINAC 203 with a treatment
target within a patient disposed on the treatment couch 206. In
another embodiment, moving the LINAC 203 and the treat-
ment couch 206 further includes positioning the LINAC 203
and the treatment couch 206 to create a treatment target in a
previously obstructed location within a mechanical range of
motion of the robotic arm 202 and the LINAC 203.

FIG. 8 1llustrates a block diagram of one embodiment of a
treatment system 800 that may be used to perform radiation
treatment 1n which embodiments of the present invention may
be implemented. The depicted treatment system 800 includes
a diagnostic imaging system 810, a treatment planming sys-
tem 830, and a treatment delivery system 850. In other
embodiments, the treatment system 800 may include fewer or
more component systems.

The diagnostic imaging system 810 1s representative of any
system capable of producing medical diagnostic images of a
volume of interest (VOI) 1n a patient, which images may be
used for subsequent medical diagnosis, treatment planning,
and/or treatment delivery. For example, the diagnostic imag-
ing system 810 may be a computed tomography (CT) system,
a single photon emission computed tomography (SPECT)
system, a magnetic resonance imaging (MRI) system, a
positron emission tomography (PET) system, a near inirared
fluorescence 1maging system, an ultrasound system, or
another similar imaging system. For ease of discussion, any
specific references herein to a particular imaging system such
as a C'T x-ray imaging system (or another particular system)
1s representative of the diagnostic imaging system 810, gen-
erally, and does not preclude other imaging modalities, unless
noted otherwise.

The illustrated diagnostic imaging system 810 includes an
imaging source 812, an imaging detector 814, and a process-
ing device 816. The imaging source 812, imaging detector
814, and processing device 816 are coupled to one another via
a communication channel 818 such as a bus. In one embodi-
ment, the 1maging source 812 generates an 1maging beam
(e.g., X-rays, ultrasonic waves, radio frequency waves, etc.)
and the imaging detector 814 detects and recetves the imaging
beam. Alternatively, the imaging detector 814 may detect and
receive a secondary 1imaging beam or an emission stimulated
by the imaging beam from the imaging source (e.g., 1 an
MRI or PET scan). In one embodiment, the diagnostic imag-
ing system 810 may include two or more diagnostic imaging
sources 812 and two or more corresponding 1imaging detec-
tors 814. For example, two x-ray sources 812 may be dis-
posed around a patient to be 1maged, fixed at an angular
separation from each other (e.g., 90 degrees, 45 degrees, etc.)
and aimed through the patient toward corresponding 1maging
detectors 814, which may be diametrically opposed to the
imaging sources 814. A single large imaging detector 814, or
multiple 1maging detectors 814, also may be i1lluminated by
cach x-ray imaging source 814. Alternatively, other numbers
and configurations of imaging sources 812 and i1maging
detectors 814 may be used.

The imaging source 812 and the imaging detector 814 are
coupled to the processing device 816 to control the 1maging
operations and process 1mage data within the diagnostic
imaging system 810. In one embodiment, the processing
device 816 may communicate with the imaging source 812
and the imaging detector 814. Embodiments of the processing
device 816 may include one or more general-purpose proces-
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sors (€.g., amicroprocessor), special purpose processors such
as a digital signal processor (DSP), or other type of devices
such as a controller or field programmable gate array (FPGA).
The processing device 816 also may include other compo-
nents (not shown) such as memory, storage devices, network
adapters, and the like. In one embodiment, the processing
device 816 generates digital diagnostic images 1n a standard
format such as the Digital Imaging and Communications 1n
Medicine (DICOM) format. In other embodiments, the pro-
cessing device 816 may generate other standard or non-stan-
dard digital image formats.

Additionally, the processing device 816 may transmit diag-
nostic image files such as DICOM files to the treatment plan-
ning system 830 over a data link 860. In one embodiment, the
data link 860 may be a direct link, a local area network (LAN)
link, a wide area network (WAN) link such as the Internet, or
another type of data link. Furthermore, the information trans-
ferred between the diagnostic imaging system 810 and the
treatment planning system 830 may be either pulled or
pushed across the data link 860, such as 1n a remote diagnosis
or treatment planning configuration. For example, a user may
utilize embodiments of the present mvention to remotely
diagnose or plan treatments despite the existence of a physical
separation between the system user and the patient.

The illustrated treatment planning system 830 includes a
processing device 832, a system memory device 834, an
clectronic data storage device 836, a display device 838, and
an mmput device 840. The processing device 832, system
memory 834, storage 836, display 838, and input device 840
may be coupled together by one or more communication
channel 842 such as a bus.

The processing device 832 recetves and processes 1image
data. The processing device 832 also processes nstructions
and operations within the treatment planning system 830. In
certain embodiments, the processing device 832 may include
one or more general-purpose processors (€.g., a miCroproces-
sor), special purpose processors such as a digital signal pro-
cessor (DSP), or other types of devices such as a controller or
field programmable gate array (FPGA).

In particular, the processing device 832 may be configured
to execute instructions for performing treatment operations
discussed herein. For example, the processing device 832
may 1dentily a non-linear path of movement of a target within
a patient and develop a non-linear model of the non-linear
path of movement. In another embodiment, the processing
device 832 may develop the non-linear model based on mul-
tiple position points and multiple direction indicators. In
another embodiment, the processing device 832 may generate
multiple correlation models and select one of the models to
derive a position of the target. Furthermore, the processing
device 832 may facilitate other diagnosis, planning, and treat-
ment operations related to the operations described herein.

In one embodiment, the system memory 834 may include
random access memory (RAM) or other dynamic storage
devices. As described above, the system memory 834 may be
coupled to the processing device 832 by the communication
channel 842. In one embodiment, the system memory 834
stores information and instructions to be executed by the
processing device 832. The system memory 834 also may be
used for storing temporary variables or other intermediate
information during execution of instructions by the process-
ing device 832. In another embodiment, the system memory
834 also may include a read only memory (ROM) or other
static storage device for storing static information and
instructions for the processing device 832.

In one embodiment, the storage 836 1s representative of one
or more mass storage devices (e.g., amagnetic disk drive, tape
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drive, optical disk drive, etc. ) to store information and instruc-
tions. The storage 836 and/or the system memory 834 also
may be referred to as machine readable media. In a specific
embodiment, the storage 836 may store instructions to per-
form the modeling operations discussed herein. For example,
the storage 836 may store instructions to acquire and store
data points, acquire and store images, identily non-linear
paths, develop linear and/or non-linear correlation models,
and so forth. In another embodiment, the storage 836 may
include one or more databases.

In one embodiment, the display 838 may be a cathode ray
tube (CRT) display, a liquid crystal display (LCD), or another
type of display device. The display 838 displays information
(e.g., atwo-dimensional or 3D representation of the VOI) to a
user. The mput device 840 may include one or more user
interface devices such as a keyboard, mouse, trackball, or
similar device. The mput device(s) 840 may also be used to
communicate directional information, to select commands
for the processing device 832, to control cursor movements
on the display 838, and so forth.

Although one embodiment of the treatment planning sys-
tem 830 1s described herein, the described treatment planning
system 830 1s only representative of an exemplary treatment
planning system 830. Other embodiments of the treatment
planning system 830 may have many difierent configurations
and architectures and may include fewer or more compo-
nents. For example, other embodiments may include multiple
buses, such as a peripheral bus or a dedicated cache bus.
Furthermore, the treatment planning system 830 also may
include Medical Image Review and Import Tool (MIRIT) to
support DICOM mmport so that images can be fused and
targets delineated on different systems and then imported into
the treatment planning system 830 for planning and dose
calculations. In another embodiment, the treatment planning
system 830 also may include expanded image fusion capa-
bilities that allow a user to plan treatments and view dose
distributions on any one of the various 1maging modalities
such as MRI, CT, PFT, and so forth. Furthermore, the treat-
ment planming system 830 may include one or more features
ol convention treatment planning systems.

In one embodiment, the treatment planning system 830
may share a database on the storage 836 with the treatment
delivery system 850 so that the treatment delivery system 850
may access the database prior to or during treatment delivery.
The treatment planning system 830 may be linked to treat-

ment delivery system 850 via a data link 870, which may be
a direct link, a LAN link, or a WAN link, as discussed above

with respect to data link 860. Where LAN, WAN, or other
distributed connections are implemented, any of components
of the treatment system 800 may be in decentralized locations
so that the individual systems 810, 830 and 850 may be
physically remote from one other. Alternatively, some or all
of the functional features of the diagnostic imaging system
810, the treatment planning system 830, or the treatment
delivery system 850 may be integrated with each other within
the treatment system 800.

The 1llustrated treatment delivery system 850 includes a
radiation source 852, an 1imaging system 854, a processing
device 856, and a treatment couch 858. The radiation source
852, imaging system 834, processing device 856, and treat-
ment couch 858 may be coupled to one another via one or
more communication channels 860. One example of a treat-
ment delivery system 850 1s shown and described in more
detail with reference to FIG. 4A.

In one embodiment, the radiation source 852 1s a therapeu-
tic or surgical radiation source 852 to administer a prescribed
radiation dose to a target volume 1n conformance with a
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treatment plan. In one embodiment, the radiation source 852
1s the LINAC 203, as described herein. Alternatively, the
radiation source 852 may be other types of radiation sources
as would be appreciated by those of ordinary skill 1n the art.
For example, the target volume may be an internal organ, a
tumor, a region. As described above, reference herein to the
target, target volume, target region, target area, or internal
target refers to any whole or partial organ, tumor, region, or
other delineated volume that is the subject of a treatment plan.

In one embodiment, the imaging system 854 of the treat-
ment delivery system 850 captures intra-treatment images of
a patient volume, including the target volume, for registration
or correlation with the diagnostic 1mages described above 1n
order to position the patient with respect to the radiation
source. Similar to the diagnostic 1maging system 810, the
imaging system 854 of the treatment delivery system 8350 may
include one or more sources and one or more detectors.

The treatment delivery system 850 also may include a
processing device 856 to control the radiation source 852, the
imaging system 854, and a treatment couch 858, which 1is
representative of any patient support device. In one embodi-
ment, the treatment couch 858 1s the treatment couch 206
coupled to the robotic arm 202 or 302, as described herein. In
another embodiment, the treatment couch 858 1s the treatment
couch coupled to the robotic arm 106, as described herein.
Alternatively, other types of patient support devices can be
used. In one embodiment, the radiation source 852 1s coupled
to a firstrobotic arm (e.g., robotic arm 202), and the treatment
couch 858 1s coupled to a second robotic arm (e.g., robotic
arm 221). The first and second robotic arms may be coupled
to the same controller (e.g., controller) or to separate control-
lers. In one embodiment, the first and second robotic arms are
identical robotic arms. In one embodiment, each of the first
and second robotic arms includes four rotational DOF and
one substantially linear DOF. In another embodiment, each of
the first and second robotic arms includes five rotational DOF
and one substantially linear DOF. Alternatively, each of the
first and second robotic arms includes six rotational DOF and
one substantially linear DOF. Alternatively, the first and sec-
ond robotic arms may include dissimilar number and types of
DOF. In another embodiment, the first and second robotic
arms are dissimilar types of robotic arms. Alternatively, only
the first robotic arm 1s used to move the LINAC 203 with
respect to the treatment couch 206.

The processing device 856 may include one or more gen-
eral-purpose processors (€.g., a microprocessor), special pur-
pose processors such as a digital signal processor (DSP), or
other devices such as a controller or field programmable gate
array (FPGA). Additionally, the processing device 856 may
include other components (not shown) such as memory, stor-
age devices, network adapters, and the like.

The 1llustrated treatment delivery system 8350 also includes
a user iterface 862 and a measurement device 864. In one
embodiment, the user interface 862 1s the user interface 500.
In another embodiment, the user interface 862 1s the graphical
user interface 600. In one embodiment, the user interface 862
allows a user to interface with the treatment delivery system
850. In particular, the user mterface 862 may include 1nput
and output devices such as a keyboard, a display screen, and
so forth. The measurement device 864 may be one or more
devices that measure external factors such as the external
factors described above, which may influence the radiation
that 1s actually delivered to the target region 20. Some exem-
plary measurement devices include a thermometer to mea-
sure ambient temperature, a hy grometer to measure humidity,
a barometer to measure air pressure, or any other type of
measurement device to measure an external factor.
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In the foregoing specification, embodiments of the inven-
tion have been described with reference to specific exemplary
embodiments thereof. It will, however, be evident that various
modifications and changes may be made thereto without
departing from the broader spirit and scope of the present
embodiments as set forth in the claims. The specification and
drawings are, accordingly, to be regarded in an 1illustrative
rather than a restrictive sense.

What 1s claimed 1s:
1. A method, comprising:
providing a medical tool coupled to a robotic manipulator
having seven or more degrees of freedom (DOF),
wherein the seven DOF comprise at least one redundant
DOF, wherein the robotic manipulator comprises a plu-
rality of rigid links of the robotic manipulator, the plu-
rality of rigid links being mterconnected by joints that
allow either rotational motion or translational displace-
ment, wherein at least one of the joints 1s a redundant
joint that moves the robotic manipulator 1n the at least
one redundant DOF, wherein the robotic manipulator
comprises a wrist assembly coupled to the medical tool
and an arm assembly coupled to the wrist assembly; and

optimizing a path of traversal of the robotic manipulator to
get to a node.
2. The method of claim 1, wherein optimizing the path of
traversal comprises avoiding an obstruction by the robotic
mampulator.
3. The method of claim 1, wherein the node 1s disposed on
an opposite side of a treatment couch than where the robotic
mampulator 1s secured 1n a treatment room.
4. The method of claim 1, further comprising moving the
robotic manipulator along seven or more degrees of freedom
(DOF) while maintaining a position of the medical tool con-
stant.
5. The method of claim 4, wherein the robotic manipulator
1s moved with smooth planar motion.
6. A method, comprising
providing a medical tool coupled to a robotic manipulator
having seven or more degrees of freedom (DOF),
wherein the seven DOF comprise at least one redundant
DOF, wherein the robotic manipulator comprises a plu-
rality of rigid links of the robotic manipulator, the plu-
rality of rigid links being iterconnected by joints that
allow either rotational motion or translational displace-
ment, wherein at least one of the joints 1s a redundant
joint that moves the robotic manipulator 1n the at least
one redundant DOF, wherein the robotic manipulator
comprises a wrist assembly coupled to the medical tool
and an arm assembly coupled to the wrist assembly; and

moving the medical tool using the robotic manipulator
along seven or more degrees of freedom (DOF), wherein
the robotic manipulator 1s moved with smooth planar
motion.

7. A method, comprising:

providing a medical tool coupled to a robotic manipulator

having seven or more degrees of freedom (DOF),
wherein the seven DOF comprise at least one redundant
DOF, wherein the robotic manipulator comprises a plu-
rality of rigid links of the robotic manipulator, the plu-
rality of rigid links being iterconnected by joints that
allow either rotational motion or translational displace-
ment, wherein at least one of the joints 1s a redundant
joint that moves the robotic manipulator 1n the at least
one redundant DOF, wherein the robotic manipulator
comprises a wrist assembly coupled to the medical tool
and an arm assembly coupled to the wrist assembly; and
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moving the robotic manipulator along seven or more
degrees of freedom (DOF) while maintaining a position
of the medical tool constant, wherein the moving the
medical tool comprises:
moving the medical tool 1n three DOF using the wrist 5
assembly; and
moving the medical tool 1n four DOF using the arm
assembly, wherein the four DOF comprise the at least
one redundant DOF.
8. The method of claim 7, wherein maintaining the position 10
of the medical tool constant comprises positioning the medi-
cal tool to a fixed position by moving the medical tool using
four rotational axes and orienting the medial tool at the fixed
position using the three rotational axes.
9. The method of claim 8, wherein the robotic manipulator 15
turther comprises a substantially linear DOF.
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